Surface defect detection of silicon steel strip is an important section for non-destructive testing system in iron and steel industry. To detect the interesting defect objects for silicon steel strip under oil pollution interference, a new detection method based on saliency linear scanning morphology is proposed. In the proposed method, visual saliency extraction is employed to suppress the clutter background. Meanwhile, a saliency map is obtained for the purpose of highlighting the potential objects. Then, the linear scanning operation is proposed to obtain the region of oil pollution. Finally, the morphology edge processing is proposed to remove the edge of oil pollution interference and the edge of reflective pseudo-defect. Experimental results demonstrate that the proposed method presents the good performance for detecting surface defects including wipe-crack-defect, scratch-defect and small-defect.
Introduction
As an important metal material, silicon steel strip is mainly used as core material in transformers and dynamos. Unfortunately, the surface of the silicon steel strip inevitably exist different types of defects, e.g., wipe-crack and scratches. What's worse is that these defects are covered in oil pollution. Although blowing equipment can remove some oil pollution, there are still many defects suffered the interference of oil pollution. In order to detect these defects, a variety of non-destructive testing (NDT) systems are developed. Since the visual-based inspection technology has the characteristics of the real-time, this technology has been widely used in defect automatic inspection system such as flaw, 1) weld 2) and surface crack.
3)
At present, there are a few studies on surface defect automatic inspection in iron and steel industry. For instance, Yun et al. 4) developed the univariate dynamic encoding algorithm for searches (uDEAS) to detect the cracks, and Pan et al. 5) exploited an engineering-driven rule-based detection (ERD) method for bleed detection in visual images which lie in the low signal-to-noise ratio. In addition, Landström et al. 6) focused on automated detection of longitudinal cracks in steel slabs based on morphology theory, and Bulnes et al. 7) introduced the clustering method to detect periodical defects. These four studies mentioned above focus on locating the positions of the defects while some studies focus on defect features extraction such as gabor filters, 8) wavelet filters, 9) and multi-scale geometric analysis (MGA). 10) Furthermore, the extracted features can be classified by diversified classifiers including Bayesian network 11) and process knowledge based support vector (PK-MSVM). 12) Despite the several studies mentioned above have achieved good performance in their specific type of defect, it is difficult to employ these methods directly to detect the surface defects for silicon steel strip under oil pollution interference. In order to detect the interesting defect objects, three important challenges are need to overcome. For a defect image of silicon steel strip, the background of defect image is quite complex and has random distribution in the whole image. Therefore, the cluttered background increases the difficulty of detection the defects in image, i.e., the cluttered background is the first challenge. Since the interesting surface defect objects are covered by oil pollution, it is necessary to remove the useless edge of oil pollution. Hence, how to eliminate the oil pollution interference is the second challenge. In addition, due to the reflection of oil pollution when capturing an image, the obtained defect image contains some reflective pseudo-defects. Moreover, these reflective regions are very brightly and easily affect the location of defects. Consequently, the interference of reflective pseudo-defects is the third challenge.
In order to solve the three challenges, a new detection method based on saliency linear scanning morphology (SLSM) is proposed to detect surface defects of silicon steel strip. In the proposed method, firstly, visual saliency extraction is employed to suppress the clutter background. Therefore, a saliency map is obtained for the purpose of highlighting the potential objects. Then, the saliency map is filtered and converted into a binary image. Thirdly, the linear scanning operation is proposed to obtain the region of oil pollution interference. Finally, the morphology edge processing is proposed to remove the edge of oil pollution interference and the edge of reflective pseudo-defect.
The rest of this paper is organized as follows: Section 2 presents the hardware configuration of image acquisition and the image analysis of surface defect. Section 3 introduces the proposed saliency linear scanning morphology method in detail. Then Section 4 elaborates the experiments and discusses the experimental results. Finally, Section 5 concludes the paper. © 2014 ISIJ
Image Acquisition and Analysis of Surface Defect

Image Acquisition
The hardware configuration of the image acquisition mainly includes two components: light source and camera. The layout of the acquisition equipment is shown in Fig. 1 . The light source provides the illumination to make the surface defects visible and helps to capture the surface defect images with camera. Since the light-emitting diode (LED) has many advantages such as little power and longevity, it is used to provide stable illumination. In this work, the LED is made by CCS incorporated company of Japan with the model number HLND-1200-SW2. In order to obtain the micro surface defect image, an area scan CCD camera is used. The camera used here is made by Basler of Germany with the model number acA640-90uc. It has a resolution of 658 × 492 pixels with frame rate 90 fps and color image. In this work, the captured color image is resized as 640 × 480 pixels for the purpose of calculating expediently for defect detection. In addition, a 55-mm focal length lens is installed on the camera.
Image Analysis of Surface Defect
One of the original surface defect images of silicon steel strip under oil pollution interference is shown in Fig. 2(a) . As it could be seen in Fig. 2(a) , the original defect image represents an area of 21.5 × 16.1 mm 2 in real silicon steel strip. It is observed that the defect image contains four components: the interesting surface defect objects and three interference components (i.e. clutter background, oil pollution interference and reflective pseudo-defect). The interesting surface defect objects are to be detected while the interference components are useless.
To illustrate the three interference components, several interference regions are cropped from original defect image (i.e. Fig. 2(a) ). Figures 2(c) and 2(e) show the cluttered background interference and oil pollution interference respectively. Moreover, Figs. 2(g) and 2(i) show the interference of reflective pseudo-defect. In addition, the Canny operator 13) is employed to extract the image edge. The edge extraction image of original defect image is shown in Fig.  2(b) . Meanwhile, the edge extraction image of clutter background interference and oil pollution interference are shown in Figs From Figs. 2(c) and 2(d), we can observed that the background of defect image is quite complex, which is a difficult problem for detecting the defects. Despite the fact that the clutter background has certain characters of texture, these characters are more random than regular texture. The surface plot of the Fig. 2(c) is shown in Fig. 3 . As it could be seen in Fig. 3 , the clutter background has random distribution in the whole image.
Obviously, Figs. 2(e) and 2(f) show the interesting surface defect objects are covered by oil pollution. Although the edge of oil pollution is totally extracted, it is useless to detect the surface defects. Therefore, the useless edge of oil pollution is also a problem for detecting the defects.
In addition, due to the reflection of oil pollution when capturing an image, the obtained defect image contains some reflective pseudo-defects (i.e. Figs. 2(g) and 2(i)). Moreover, these reflective regions are very brightly and easily be extracted the edges. Hence, these edges of pseudodefect, to some extent, increase the difficulty of detection the defects in image. ISIJ International, Vol. 54 (2014), No. 11
Proposed Saliency Linear Scanning Morphology Method
In this section, the proposed method is described in four subsections. Firstly, a saliency extraction approach is introduced in Section 3.1 for the purpose of highlighting the potential objects to get a saliency map. Then, the saliency map is filtered and converted into a binary image in Section 3.2. Furthermore, the linear scanning operation is proposed to obtain the region of oil pollution interference in Section 3.3. Finally, the morphology edge processing is proposed to remove the edge of oil pollution interference and the edge of reflective pseudo-defect in Section 3.4.
Saliency Extraction
Saliency extraction is an important step in machine vision, which has been applied in many tasks including object detection and image segmentation. An excellent saliency extraction method can well highlight the potential objects to get a saliency map. However, most of the current saliency methods often generate saliency maps that have low resolution or poorly defined borders. Furthermore, some methods may generate maps that have ill-defined object boundaries.
In order to avoid these drawbacks mentioned above, Achanta et al. 14) exploited a frequency-tuned approach to estimate center-surround contrast using color and luminance features. Although the frequency-tuned approach created full resolution saliency maps with well-defined boundaries of salient objects, it may fail to correctly highlight the salient regions in the presence of salient objects and complex textured background. In this work, the symmetric surround saliency 15) is employed to improve the frequencytuned approach.
For an input image I (x, y), the symmetric surround saliency value S (x, y) is obtained as:
where I f (x, y) is the corresponding image Lab color space vector value in the Gaussian blurred version (using a N × N separable binomial kernel) of the original image, and is the L2 norm. Here, the L2 norm is the Euclidean distance. In the Lab color space, each pixel location is a [L, a, b] T vector. Different from the mean image feature vector of frequencytuned approach, 14) Iμ (x, y) is the average Lab vector of the sub-image whose center pixel is at position (x, y). 15) To illustrate the calculation procedure of the symmetric surround saliency, Fig. 4 presents the schematic of the saliency extraction for input defect image. Firstly, the original defect image Fig. 4(a) is blurred by N × N Gaussian filter window (here, N is set as 5). Then, Lab color space images (i.e. Figs. 4(c) and 4(d)) of original image (i.e. Fig. 4(a) ) and filter image (i.e. Fig. 4(b) ) are obtained by converting color space from RGB to Lab. Finally, the symmetric surround saliency value S (x, y) is obtained with Eq. (1) .
For the input defect image Fig. 4(a) , the obtained saliency map and its surface plot are shown in Fig. 5 . As it could be seen in Fig. 5(a) , the saliency map image by saliency extraction is properly able to suppress the textured background and amplify the difference between the interesting defect object and the textured background.
Filtering and Thresholding
In view of the extracted saliency map in Section 3.1 contains some interference information, it is necessary to filter process for saliency map. In this work, the open-close filtering based on morphological is employed to filter the interference information. Since the saliency map is a gray-scale image, the definition of the morphological operation 16 ) is suitable for gray-scale image. The dilation operation and erosion operation are firstly presented before the definition of the open-close filtering.
The gray-scale dilation of S by structuring element e, denoted S ⊕ e, is defined as .... (2) where De is the domain of e, S (x, y) is assumed to equal -∞ Fig. 3 . Surface plot of the defect sample image in Fig. 2(c) . Similar to the definition of gray-scale dilation, the grayscale erosion of S by structuring element e, denoted , is defined as .... (3) where De is the domain of e, S (x, y) is assumed to be +∞ outside the domain of S.
The morphological opening of image S by structuring element e, denoted , is simply erosion of S by e, followed by dilation of the result by e: In this work, to enhance the filter effectiveness, openclose filtering is performed with a series of structuring elements of increasing size, i.e., alternating sequential filtering. Therefore, the filter image I f (x, y) is obtained after the openclose filtering for S (x, y). Figure 6 presents the filtering process for saliency map (here, 'disk' type structuring elements is used to perform filter operation, the radius range of alternating sequential filtering is from 2 to 3). After open-close filtering operation, the filter image I f (x, y) is need to convert into a binary image for the purpose of linear scanning in Section 3.3. Before the thresholding operation, the I f (x, y) values are firstly normalized to [0] [1] . To obtain a binary image, we tried the Otsu's 17) method, which the result image is shown in Fig. 7(a) . For Otsu's method, the threshold value is acquired automatically. However, the result image presents that some useful information are lost in Fig. 7(a) . In order to avoid the issue mentioned above, a simple but effective global thresholding method is employed to obtain the binary image. Different from the Otsu's method, this global thresholding method determines the threshold value according to the experience of artificial selection.
The definition of the global thresholding method is as follows: where T is a threshold value according to the experience of artificial selection. Therefore, the thresholding image It (x, y) is shown in Fig.  7(b) (here, the threshold value is set as 0.05). Furthermore, a median filter (here, the filter window is set as 29) is employed to filter the interference. Hence, a new binary image Itm (x, y) is obtained after the filter for image It (x, y). Through the comparison of Figs. 7(a) and 7(c), we can clearly see that more useful information are retained using the global thresholding method.
Linear Scanning
Despite the thresholding operation gives rise to a useful binary image, the region of oil pollution interference cannot be completely extracted. To obtain the region of oil pollution interference, a linear scanning operation is proposed in this subsection. The linear scanning operation mainly contains two sections: the horizontal orientation linear scanning and the vertical orientation linear scanning. For a binary image, the details of this operation are as follows.
For each row, finding the coordinate of zero value, then all of the values between the first zero value and the last zero value are set as zero value. A new binary image Ih (x, y) is obtained after the horizontal linear scanning for image I tm (x, y).
The operation for each column is the same as the operation for each row. Hence, the vertical linear scanning image I v (x, y) is obtained. Furthermore, the image I v (x, y) is the final linear scanning image Ils (x, y).
To illustrate the linear scanning process, Fig. 8 gives an example of image I tm (x, y). To see more details, Fig. 8(b) presents the partial region of image Itm (x, y) (i.e. Fig. 8(a) ). The process of horizontal linear scanning for Fig. 8(b) is shown in Fig. 8(c) , and the result image is displayed in Fig.  8(d) . Meanwhile, Fig. 8(e) shows the process of vertical linear scanning for Fig. 8(d) , and the result image is presented in Fig. 8(f) .
In addition, for the completed image Itm (x, y), the result image (i.e. image Ih (x, y)) after horizontal linear scanning is shown in Fig. 9(a) , and the result image (i.e. image I v (x, y)) after vertical linear scanning is shown in Fig. 9(b) . Moreover, Fig. 9(b) is the final linear scanning image Ils (x, y).
Meanwhile, the edge extraction image I ee (x, y) for I ls (x, y) is shown in Fig. 9(c) . Furthermore, the region image Ire (x, y) (i.e. Fig. 9(d) ) is extracted according to the edge image I ee (x, y). From Fig. 9(d) , we can clearly see that the region of oil pollution interference is completely extracted.
In order to avoid the interference of noise, a median filter (here, the filter window is set as 3) is employed to filter the region extraction image Ire (x, y). And the result image Iref (x, y) is shown in Fig. 9(e) .
To extract the edge of surface defects, Canny operator 13) is employed to detect the surface defects for image Iref (x, y) (here, the threshold value is set as 0.25). And the result image I ce (x, y) is shown in Fig. 9(f) . In addition, it's important to note that the linear scanning operation is only for defect images under oil pollution interference. In other words, the linear scanning operation cannot be used to deal with the normal images that have no oil pollution.
Morphology Edge Processing
Since the extracted edge image of surface defects in Section 3.3 includes the edge of oil pollution interference and the edge of reflective pseudo-defect, an edge processing operation is presented in this subsection. In order to remove the interference edge, image subtraction operation is employed initially. Figure 10 presents the image subtraction operation for edge extraction image Iee (x, y) and Ice (x, y). Figs. 10(a) and 10(b) show the edge extraction image I ee (x, y) and Ice (x, y) respectively, the result image using image subtraction operation is shown in Fig. 10(c) . As it could be seen in Fig. 10(c) , the oil pollution edge has not been completely removed. Furthermore, the edge of reflective pseudo-defect is still there.
In order to solve this issue mentioned above, a new image subtraction operation based on dilation and logical operation is proposed in this subsection. Different from the definition of the dilation operation for gray-scale image, the edge image is binary image. For a binary image, mathematically, dilation is defined in terms of set operation. The dilation of I ee (x, y) by e, denoted I ee ⊕ e, is defined as (7) where is the reflection of set e, ∅ is the empty set and e is the structuring element. The dilation edge image I eed (x, y) is obtained after the dilation operation. In order to obtain a dilation edge image Iced (x, y), the Ieed (x, y) is performed the logical OR operation with edge image I ce (x, y). Then, the final edge image I fe (x, y) is obtained after the image subtraction operation for dilation edge image Ieed (x, y) and Iced (x, y). Figure 11 presents the morphology edge processing for edge extraction image Iee (x, y) and I ce (x, y), here, 'disk' type structuring elements is used to perform dilation operation (the radius is set as 35). Figs.  11(a) and 11(b) show the dilation edge image Ieed (x, y) and I ced (x, y) respectively, the final edge image I fe (x, y) is shown in Fig. 11(c) . As it could be seen in Fig. 11(c) , the surface defects are almost extracted. In addition, Fig. 11(d) shows the edge of surface defects in original defect image. In order to better present the edge of surface defects, the final edge image Ife (x, y) is performed the dilation operation (the radius is set , which is shown in Fig. 11(e) . Moreover, Fig. 11(f) shows the dilation edge of surface defects in original image. As a summary, the scheme of the proposed saliency linear scanning morphology method for detecting surface defects of silicon steel strip under oil pollution interference is presented in Fig. 12. 
Experimental Results and Discussion
In this section, we evaluate the performance of the proposed method for detecting surface defects including wipecrack-defect, scratch-defect and small-defect. Meanwhile, the proposed method is compared with other methods on the detection of surface defects.
Implementation Details
The important basic parameters of the proposed method are set as follows: the size of the Gaussian blur window N in Section 3.1 is set as 5; the open-close filtering in Section 3.2 is performed with a series of 'disk' type structuring elements (The radius range of alternating sequential filtering is from 2 to 3); the threshold value in thresholding operation is set as 0.05, furthermore, the median filter window in Section 3.2 is set as 29; the median filter window in Section 3.3 is set as 3; the threshold value of Canny operator in Section 3.3 is set as 0.25; the 'disk' type structuring elements is used to perform dilation operation in Section 3.4, furthermore, the radius is set as 35.
Moreover, the morphological gradient 16) and Canny operator 13) are compared with the propose method for detecting surface defects. Furthermore, the code of these methods is run in Matlab 7.10 (R2010a) software on Pentium (R) Dual-Core machine with 2.8 GHz and 4 GB of memory and the Windows XP operating system. In addition, the demo code of the proposed SLSM can be down load from our homepage: http://faculty.neu.edu.cn/yunhyan/SLSM.html.
Wipe-crack-defect Detection
Wipe-crack-defect is one of the most common defects types in surface defect of silicon steel strip. In view of the oil pollution have different shape types, the proposed SLSM and other methods are performed in different sample images. First of all, for a new oil pollution shape type of wipe-crackdefect, the main instruction images of proposed method are shown in Fig. 13 . As it could be seen in Fig. 13(f ) , the surface defects are almost extracted using the proposed SLSM for a new shape type of wipe-crack-defect.
In order to further evaluate the performance of the proposed SLSM method for other shape types of wipe-crack-defect, six different sample images of wipe-crack-defect are employed to Figure 14 shows the result images of the different methods for wipecrack-defect. As is shown in Figs. 14(b) and 14(c), although the morphological gradient and Canny operator detect several wipe-crack-defects in the cluttered background, too much interference edges are also detected. On the contrary, in Fig.  14(d) , the proposed SLSM not only detects all of the surface defects, but also removes the interference edges.
Scratch-defect Detection
Scratch-defect is another common defect type in surface defect of silicon steel strip. The shape of the scratch-defect is like a strip line. Similar to the wipe-crack-defect, for a new oil pollution shape of scratch-defect, the main instruction images of proposed method are shown in Fig. 15 . As expected, in Fig. 15(f) , the surface scratch-defects are almost extracted using the proposed SLSM method even in the interference of reflective pseudo-defects. In addition, to further evaluate the performance of the proposed SLSM method for other shape types of scratch-defect, six different sample images of scratch-defect are employed to compare the performance of different methods. Figure 16 shows the result images of the different methods for scratchdefect. As is shown in Fig. 16(a) , all of the original images of scratch-defect suffer from the interference of reflective pseudo-defects. From Figs. 16(b) and 16(c) , we can see that too much interference edges of reflective pseudo-defects are extracted, despite the morphological gradient and Canny operator detect several scratch-defects in the cluttered background. However, in Fig. 16(d) , the proposed SLSM not only detects all of the surface scratch-defects, but also removes the interference edges of reflective pseudo-defects.
Small-defect Detection
Except for the wipe-crack-defect and scratch-defect, some small-defects are also common defects in surface defect of silicon steel strip. For example, Fig. 17(f) shows a small defect sample image of rust point. The final edge image of rust point using the proposed SLSM method is presented in Fig. 17(e) . From Fig. 17 (e), we can clearly see that the edge of rust point is completely displayed on the original small-defect image. In addition, four different sample images of small-defect are employed to compare the performance of different methods. Figure 18 shows the result images of the different methods for small-defect. As expected, in Fig. 18(d) , the proposed SLSM detects all of the surface defects. Therefore, these good results in Fig. 18 further confirm the performance of the proposed SLSM.
Conclusion
In this research, a new detection method based on saliency linear scanning morphology is proposed to detect the interesting defect objects for silicon steel strip under oil pollution interference. Since the background of defect image is quite complex, the visual saliency extraction is employed to suppress the clutter background. In view of the extracted saliency map contains some interference information, the open-close filtering is performed. Then, the global thresholding method is employed to obtain a binary image. For the binary image, the linear scanning operation is proposed to obtain the region of oil pollution. Meanwhile, the morphology edge processing is introduced to remove the edge of oil pollution interference and the edge of reflective pseudodefect. Moreover, three typical surface defect of silicon steel strip, i.e., wipe-crack-defect, scratch-defect and smalldefect, are used to evaluate the performance of the proposed method. Experimental results show that the proposed method is effective and suitable for detecting the surface defects under oil pollution interference. However, it should be note that the linear scanning operation is only for defect images under oil pollution interference. In other words, the linear scanning operation cannot be used to deal with the normal images that have no oil pollution.
Future perspectives of this work include: extension of defect sample and classification of the surface defect.
